The objective was to assess the fluorescence properties of current commercial resin composites. Sixteen light-curing resin composites, representing a total number of 241 shades, were analyzed. Fluorescence measurements of all samples were taken using the monochromator-based fluorescence reader Synergy TM Mx (BioTek Instruments Inc.). Additionally, samples of dentin and enamel were analyzed for comparison. The mean of the maximum excitation wavelength was (398±5) nm and the mean of the resulting emission wavelength was (452±9) nm for all composite shades. The maximum fluorescence varied widely between 50 and 70,808 RFU with a mean of (28,948±15,380) RFU. The maximum for dentin was (9,308±3,676) RFU and enamel (5,467±506) RFU. The results showed that the analyzed composites fluoresced at nearly the same excitation-emission wavelengths combination but with varying optical intensities. These results provide useful reference for optimal fluorescence induction and may help to develop better fluorescence diagnostic methods needed for treatment, forensic investigations and epidemiological research/analyses.
INTRODUCTION
In the past decades fluorescence properties of tooth substance have called the attention of researchers in dentistry. This has affected the development of new esthetic -fluorescence emitting-composite resin restorative materials. Fluorescence by definition is the absorption of light by a substance and its emission at the same time at a usually longer wavelength 1, 2) . Such a substance emits more visible light than it receives, making it appear brighter than a non-fluorescent substance which, at best, can only reflect the visible light that is falling on it 3) . The fluorescence phenomenon was mentioned in literature very early 4) , long before the physicist Sir George Gabriel Stokes coined the term in 1852 5) . Already in 1565 the physician and botanist Nicolás Monardes reported a method to identify the wood of Eysenhardtia polystachya known as Lignum nephriticum and having medicinal properties by observing its autofluorescence under special illuminating conditions. He was the first to document the use of the luminescence phenomenon nowadays known as fluorescence 6) . Later experiments carried out by Benedict in 1928 demonstrated that fluorescence of dental hard tissues could be obtained when illuminating them with ultraviolet (UV) light 7) . Just one year later he proved that demineralized areas could also be visualized by the contrast created 8) . Natural sound teeth emit visible light in the blue-violet spectrum when irradiated by a certain wavelength as under the action of UV light. UV light is absorbed and blue-violet light is emitted 9) . New multi-layer/shade-based restoration concepts, with the use of opaque dentin and translucent enamel composite shades have been proposed to emulate the missing natural tooth optical properties [11] [12] [13] [14] . This tooth colorimetric comprehension of dentin and enamel anatomical shade stratum led to the new concepts for composite restorations known as: "natural layering" technique. Since this composite restoration approach is used for large direct anterior fillings, allowing the execution of everyday more challenging esthetic and complex restorations, fluorescence properties for these materials have become more important [15] [16] [17] . An ideal esthetic restorative material should have similar fluorescence properties as natural teeth 18, 19) . If this is not the case, the esthetic chameleon qualities of a restoration suffer under UV illumination. However, the essential ingredients of resin composites do not fluoresce at all. In order to improve the esthetics of composites under all lighting conditions, rare earths oxides (e.g. europium, cerium and ytterbium) which are well-known fluorescent materials have been included in glass fillers as fluorescent additive 20) . Several composite materials of the last generation try to imitate, in this way, these physical luminescence properties of the dental substance, in order to increase the esthetic integration of the restoration.
As dental composite resins and natural teeth have different chemical compositions and, as a result, different spectral reflectance curves, color match will be the result of a complex colorimeric metameric phenomenon. Metamerism, a fundamental psychophysical property of colorimetry, is the phenomenon by which the visual appearance of two color specimens with different spectral power distributions appears to match. Colors that visually match are called metamers. An illuminant metameric failure describes the phenomenon by which a pair of spectrally different specimens match under one illuminant, but not under other illuminants 3, 19, 24) . In this situation the spectral reflectance curve of the samples differs slightly. Illuminants with significantly different spectral power distributions can make the visual differences between the samples become apparent. Thus, composite resins may match the color of a natural tooth when observed in daylight or in combination with the dental unit lamp, but may not match when the light source changes to fluorescence inducing light, as a mismatch of the composite restoration with the surrounding natural tooth structure may become apparent 20, 25) . In spite of the fact that composite resins fluorescence visualization could be minimally perceptible under normal ambient light conditions, the clinical esthetic implications of this issue are considerable 15, 16, 26) . Observations have shown that changes in the UV component of daylight alone influenced the color of resin composites 26) . Furthermore, restorations should match the color of the remaining tooth substance and the adjacent teeth when observed not only under daylight (i.e. direct and indirect sunlight), but also under artificial light (e.g. most commonly provided today by electric light sources) used at night or in combination with other light sources, for instance when used to provide additional light during daytime. In consequence, the light under which the color of a composite restoration is assessed plays a crucial role, and because metamerism involves the spectral reflectance of samples, a spectrophotometer -rather than a colorimeter-is required to examine these optical properties in vitro. Even though fluorescence of sound dental hard tissue and such decayed by caries has been measured in several recent studies, only few 10, 15, 16, 23, [27] [28] [29] [30] have evaluated the fluorescence of dental composite resins, and there is a lack of studies analyzing the fluorescence properties of vast samples of different commercially available composites and their different shades.
On the other hand, at the present time, the demand for better diagnostic methods for esthetic restorations is increasing. Lege artis carried out restorations, made with esthetic composites of the last generation, can represent an increasing diagnostic challenge when observed under conventional illumination, as the composite clinical visualization can become difficult or practically impossible under conventional clinical inspection procedures 20, [31] [32] [33] [34] [35] [36] . Thus, there is a medical need for technological innovation in order to selectively remove these esthetic materials from teeth 36) . Thus, to date diagnostic methods do not reach the desired diagnostic power needed -as past caries experience cannot be reliably assessed-, not only in clinical practice, but also for forensic analyses and epidemiological research. Therefore, new methods to differentiate between filling material and dental tissue are currently needed. The further development of the optical properties of composites and of fluorescence inducing diagnostic devices can offer an opportunity to easily differentiate visually between filling material and dental substance in composites that fluoresce differently than the tooth hard tissues. Research outcomes may well help the development of better applicationoriented materials, as fluorescent and non-fluorescent resin composites have advantages and disadvantages depending on their intended application. Improvements in diagnostic devices could allow, for instance, an 'evidence-based' clinical procedure for the visualization of composite restoration, and thus, a more reliable, noninvasive diagnostic and less-invasive/less-destructive restoration replacement procedure, saving both time and tooth substance.
Consequently, to date, better knowhow about the fluorescence material properties of composites could provide useful information needed not only for esthetic but also for medical (re-)treatment and diagnosticepidemiological reasons.
The exposed considerations motivated the general aim proposed in this study, which was to determine the fluorescence properties of a vast sample of current commercially available resin composites.
MATERIALS AND METHODS

Materials
The materials analyzed in this study included sixteen contemporary and widely used light-curing resin composites, i.e. Tetric EvoCeram (Table 1) .
Materials Analysis
The composites were placed (5 mm thick) into the wells (Ø 6.0 mm) of a solid black 96-well assay microplate (Corning Inc., Lowell, USA), covered with a microscope glass slide (R. Langenbrinck, Emmendingen, Germany) and polymerized with a light-curing lamp (Bluephase ® , Ivoclar Vivadent AG, Schaan, Lichtenstein) for 40 s in order to obtain a uniform plan and oxygen-inhibited free composite surface. The output (±1200 mW/cm 2 ) of the curing light was checked with a radiometer (Bluephase ® meter, Ivoclar Vivadent AG, Schaan, Lichtenstein). After light curing, the microscope glass slide was removed and fluorescence measurements were done 24 h later using a monochromator-based multi-mode microplate reader (Synergy TM Mx, BioTek Instruments Inc., Winooski, USA) at a constant temperature of 37°C. The system was calibrated with 0.001% fluorescein solution.
Additionally, cylinder-shaped specimens of enamel (n=6) and dentin (n=12) were obtained from the calculated by a student's t-test. Statistic calculations were performed with JMP 8.0.2 (SAS Institute Inc., Cary, USA).
RESULTS
Maximum fluorescence
As expected, the biological probes of enamel and dentin showed a more broad fluorescence distribution resembling a mountain range (see Fig. 1 ). In contrast, the composite probes were similar to a single peak (see Fig. 2 ). Therefore, the fluorescence properties can be described by the maximum fluorescence and their corresponding excitation and emission wavelengths.
Composites showed a maximum fluorescence of (28,948±15,380) Relative Fluorescence Units (RFU) at an excitation wavelength of (398±5) nm and an emission wavelength of (452±9) nm. In the dentin group a maximum fluorescence of (9,308±3,676) RFU was detected at an excitation wavelength of (354±14) nm and an emission wavelength of (406±20) nm. In the enamel group a maximum fluorescence of (5,467±506) RFU was recorded at an excitation wavelength of (397±5) nm and an emission wavelength of (472±8) nm. The combination of excitation and emission wavelengths proved to be characteristic for the tested composites. More than 80% of the examined composite shades displayed a greater maximum fluorescence as the fluorescence of the biological probes.
Brand distribution
The assessed composites include up to 31 different shades for each brand. According to their mean maximum fluorescence the composite brands can be distributed in three groups (see Fig. 3 ). One of the groups showed only weak fluorescence not differing from that of dentin or enamel. Within the C and D shades no differences were noticed. Therefore, the data of the A and B color groups may be interpreted as having a tendency of attaining a higher maximum fluorescence with lighter shades.
DISCUSSION
Monochromator-based spectrophotometric fluorescence measurements, as performed in this study, are a sensitive, reliable and reproducible method of analysis. Spectrophotometers have been used in previous studies 9, 15, [37] [38] [39] to measure the fluorescent qualities of The brands can be divided in three groups: First, brands with weak fluorescence (blue boxplots), whose fluorescence does not differ from the fluorescence exhibited by dentin or enamel. Second, brands with fluorescence that is noticeably greater than the one exhibited by dentin and enamel (green boxplots), and finally the group with strong fluorescence (red boxplots). dental resin composites. Fluorescence measurements in the present study were performed with a monochromatorbased multi-mode microplate reader of the last generation. The technology of the device make it one of the most precise and sensitive monochromator-based readers available today for optical research application. The device incorporates a quadruple monochromator system which selects wavelengths with a repeatability of ±0.2 nm. The wavelength range measures from 250 up to 900 nm in 1 nm increment. The qualities of the device allowed the fast and sensitive measurement of the vast number of analyzed samples in the present study. According to the literature, there is some evidence 22, 40) that fluorescence properties of resin composites significantly change when the material ages 28, 41, 42) . Therefore, fluorescence measurements in the presented study method were done after standardized storage time and at constant temperature.
In the present study, maximum fluorescence emission was found similar to that of previous observations analyzing enamel 9, 37, 38) and dentin 37, 38) . The maximum dentin fluorescence emission recorded also corresponded with the earliest excellent contributions by Laurila et al. 43) and Armstrong 44) analyzing this issue in the 1960s. In spite of the fact that the amount of studied biological samples of dental hard tissue was small -as this analysis was not the main aim of the study-and that the achieved results may only represent a rough estimate of the average human enamel and dentin fluorescence properties, the significant concordance of the results with previous research validates the presented data.
Results of preexisting studies analyzing composites fluorescence properties are unfortunately not easily comparable, as the aims, the materials and/or the methods employed differ. Although fluorescence analysis of dental resin composites has already been reported, no previous study analyzing an equivalent number of composite brands and shade samples -as in the present study-was found in the literature. The presented results show that the analyzed composites fluoresced at a characteristic and nearly same excitation and emission wavelength combination of (398±5) and (452±9) nm, respectively, but with strong varying maximum fluorescence intensities, between 50 and 70,808 RFU. Thus, the best excitation wavelengths for composite detection, giving the best contrast between composite and natural hard tooth tissue, was (398±5) nm. A similar conclusion was achieved in the study of Hermanson et al. 35) , in which optimal excitation wavelengths for the detection of their composites analyzed were in the range of 365 and 380 nm. The findings of the current study also match those of a recent study using spectrophotometric analysis stating an optimum excitation wavelength from 385 to 395 nm 36) . The fluorescence emission spectra showed similar peak tendency (i.e. ±450 nm) as some earlier studies 15, 21, 22, 26, 36) . However, it was not possible to correlate the results of the present study with the results of previous ones, since the aims and as consequence the applied methods differ. Moreover, as commonly no standardized method guidelines for studies analyzing fluorescence properties of natural tooth and restoration materials are used, comparing different study results becomes problematic.
Discrepancies in the fluorescence spectrum intensities between composites, as the ones presented in the results, have also already been reported in previous studies 15, [21] [22] [23] 36) . The intensity differences were not only significant between same shades of different brands, but also vice versa between different shades of the same brand. In a previous study 15) analyzing fluorescence of various (n=41) shades of composites, the maximum fluorescence intensity was also strongly influenced not only by the brand, but also by the shade of the composite. In a recent study using an UV light-emitting diode to cause composite resin to fluoresce, three different visual fluorescence intensities were noticed 36) . The results of the present study were similar of those from the latter study, apart from the finding that the group of composite presenting weak fluorescence showed no drastic differences to the fluorescence emitted by dentin or enamel. Studies done by Pachaly et al. 30) and Villarroel et al. 10) described and classified similarly three types of fluorescent behavior in commercial composites. However, they apparently erroneously claimed to be able to demonstrate the fluorescence properties of a brand by analyzing just one shade of composite. As demonstrated by the results of the present study, this is not possible between all shades of one brand, since -as described earlier-fluorescence properties between different shades of one brand differ as well. On the other hand, since it became apparent that differences in fluorescence also occurred during analysis of composites of the same brand showing no differences in respect to filler material, filler size distribution, filler shape, filler volume fraction or matrix resin material, etc., no statistical analysis of physical properties was performed. Thus, the fluorescence properties seem to be independent from physical parameters normally used to distinguish different types of composites.
The majority (>80%) of the examined composite shades displayed a greater maximum fluorescence as the biological probes. As a result, compared to biological probes just a minority of the analyzed composites might achieve a maximum of comparable fluorescence properties. Yet, there are some differences in their corresponding excitation and emission wavelengths. However, it is not known, whether these differences may have any influence on color matching in clinical situations. What will be needed in future to compare multi-layer/shade-based composite restorations in an in vivo situation is a vast amount of samples with which to assess different shades and brands of composite resins. This will require extensive work, but is momentarily the only available procedure in order to gain more knowledge about how commercially available composites esthetically behave in the oral environment. Nevertheless, restorations of adequate fluorescence are problematic to achieve, because not only different shades need to be applied, but also several portions of different shades. Owing to the presented heterogeneous fluorescence properties of composites, shade combinations might lead to unpredictable changes in the fluorescence of the restoration. Reports analyzing composites observed that the fluorescence is mainly determined by the last composite layer 16) , even when the layer is thin 29) . However, these two studies neither examine vast samples of the different composite brands, nor the many available shades. Furthermore, in the study of Lee et al. 29) analyses were performed using a sealant and stains, materials that are not commonly used.
Composites with a color code according to the VITA A-D classical shade guide were evaluated according to their fluorescence intensity. Composites classified according to an unstandardized code by the manufacturer were excluded. It could be concluded that composites using the VITA classical shade guide as reference showed similar fluorescence intensity within the C and D codes, but the fluorescence intensity varied significantly within the A and B codes. Unfortunately, in most clinical cases the shades A and B apply. Furthermore, the lighter shades showed a tendency to increase the maximum fluorescence intensities.
Summing up, the fluorescence properties of composite restored teeth seem, from an esthetic point of view, still suboptimal for the great majority of the analyzed composites, as fluorescence properties of composites and hard tooth substance differ drastically. By manufacturers supplementing their materials with improved fluorescent additives great progress has been made in the past decade where the reduction of metameric failure is concerned. Nevertheless, it seems that metameric fluorescence failure in restorations still cannot be fully avoided. The findings of the present study reflect the current clinical reality of esthetic composite restorations, as matching the color of the composite restoration to the surrounding natural tooth structure remains somewhat an illuminant-depending dilemma. Restorations with matching visual color appearance under one source of light often appear different under another illuminant. Nowadays, achievement of the chameleon effect, which means lege artis esthetic composite restorations under all lighting conditions, seems to be to a great extent dependent on the fluorescence behavior of the restoration 10, 19) . Unlike the reproduction of anatomical form, surface texture, polishing, hue, chroma, color value, refraction and translucency, simulation of natural fluorescence characteristics in a composite restoration seems to be not as easy. It is apparently difficult that the in this study analyzed composite restoration materials generally achieve chameleon effect under any given light stimulus, except for random cases, i.e. small restorations requiring composite colors having very similar spectral power values like the dental tissue adjacent to the restoration. Specialists dealing with composite esthetics are aware of this problem, although, the clinical cases they exhibit in courses and at conferences never attest to it, because what is presented was photographed under one single light stimulus with a camera adjusted until ideal esthetic effect in the photographed situation was achieved. In case of a large composite restoration, the optical behavior of clinical esthetic composite restorations will most likely be modified by fluorescence. Depending on the fluorescence induction qualities of the illumination source, such conditions are magnified like under intense black light. Nevertheless, to merely observe restorations under conventional non-fluorescence inducing illumination, e.g. the dental unit lamp, can represent a major diagnostic obstacle. Yet, dentists normally do not use fluorescence inducing illumination for diagnosis of preexisting restorations. Consequently, small to medium size restorations with high esthetic standard, and made from any of the composite materials analyzed in this study, are usually difficult to detect when observed with conventional illumination. It can even be difficult to detect restoration remains of composite materials in case of restoration removal in the course of retreatment. In these situations, resin composites with higher fluorescence qualities than those of the dental hard tissue could have clinical merit, as they could easily be detected by using fluorescence inducing lamps.
Thus, these results provide useful information about the fluorescence properties of commercial resin composites for dental restorations. This may well contribute to the efforts to develop better applicationoriented materials, which would be more consistent with the current requirements of these materials. For instance, restorations made from composites that exhibit clearly either less or more fluorescence than the natural tooth substance could find their application scope as cavity bases and/or in posterior restorations. This way, restorations could be easily detected and/or removed by using fluorescence inducing illumination in a less invasive and less time consuming manner in case of retreatment and for epidemiological and forensic research as well as analyses. In contrast, composites that show similar fluorescent properties as tooth substance could be indicated restrictively for restorations of front teeth in which resin composites must play a fundamental role from an esthetic point of view.
In conclusion, the results of this study show that the analyzed composites reached their maximum fluorescence when the combination of excitation and emission wavelengths was approximately about the same, however, with strongly varying intensities. These results may serve as guideline for maximum fluorescence intensity attainable and the optimal fluorescence excitation of the momentarily most commonly used composite brands including their many shades. The fluorescence behavior of restorative materials on the clinical (non-)masking effect of restored teeth should be improved and analyzed in further studies.
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